We perform first-principles simulations of the magnetic and electronic properties of ferromagnetic (FM) body-centered cubic (bcc) iron nanowires with characteristic sharp edges consisting of (110) and (110) surfaces and their response to mechanical strain. An enhanced magnetic moment of 2.83μ B is obtained at the edge of the FM nanowire. This enhancement originates from rearrangement of d electrons from the minority-spin t 2g state to the majority-spin t 2g state due to a significant reduction in the number of nearest-neighbor atoms at the edge. The FM phase is the most energetically favorable phase in the nanowire even under relatively high axial strains, whereas the corresponding bulk material exhibits a FM-to-antiferromagnetic transition under the same loading conditions. During tension, a discontinuous change in the magnetic moment is observed at the surface and inside the nanowire due to a bcc-face-centered-cubic structural transition. In contrast, the magnetic moment at the edge is insensitive to applied strain. This is because the majority-spin state is fully occupied at the edge, which restricts the t 2g -e g electron rearrangement to just the minority-spin state.
I. INTRODUCTION
In recent years, magnetic nanowires have attracted considerable attention as one-dimensional multifunctional materials. This is because they have distinctive magnetic properties that differ from those of the corresponding bulk materials [1] [2] [3] and they are promising for technological applications (e.g., in ultrahigh-density magnetic storage devices, magnetic sensors, and nanomotors). [4] [5] [6] [7] Both the scientific interest in the unusual magnetic properties of nanoscale components and the increasing demand for miniaturization of magnetic devices are driving researchers to synthesize and investigate magnetic nanowires. Recent advances have enabled extremely small nanowires with diameters of only several nanometers to be fabricated. [8] [9] [10] Magnetic iron nanowires fabricated along a surface step on a W(110) or Mo(110) substrate with a vicinal surface [11] [12] [13] [14] [15] characteristically possess a body-centered-cubic (bcc) crystal structure and atomically sharp edges consisting of (110) and (110) surfaces. 15 Such sharp edges are commonly observed in other nanostructured bcc metals (e.g., corners of iron nanoislands 16 and surface steps on tungsten and molybdenum 17 ). Thus, (110)/(110) edges are characteristic nanostructures in bcc metals.
Since atomically sharp edges in magnetic iron nanowires have extremely low coordination numbers, the reduced interaction from neighboring atoms may cause different magnetic and electronic properties from those of the corresponding bulk material. In particular, because ultrathin nanowires have a high portion of edges and surfaces relative to the volume, structural effects are expected to dominate their magnetic properties. In addition, nanowires are often subjected to mechanical strain along their axes, which sometimes destabilizes the magnetic ordering. [18] [19] [20] [21] [22] [23] [24] [25] Thus, the magnetic properties of small iron nanowires with atomically sharp edges and the effect of axial strain on them are of fundamental interest in various fields.
Theoretical studies based on ab initio first-principles density functional theory calculations 26, 27 have provided comprehensive insight into magnetic nanostructures.
2,3,28 Zelený et al. systematically investigated the structure and magnetism of nanowires and nanorods of transition metals. 2, 3 Jo and Lee studied the magnetic and structural properties of ultrathin nanowires and atomic chains. 28 However, to the best of our knowledge, the magnetism at (110)/(110) edges in bcc iron nanowires and the effect of strain on it has not been reported.
In this study, we perform ab initio spin density functional theory calculations to investigate magnetism in bcc iron nanowires with atomically sharp edges consisting of (110) and (110) surfaces and the effect of axial strain on the magnetism. Section II describes the simulation procedure. Section III describes the energetic, magnetic, and electronic properties of iron nanowires with atomically sharp edges by focusing on the sharp edges. We also investigate the effect of wire size and axial strain on the magnetism of the nanowire. Finally, Sec. IV summarizes the results.
II. COMPUTATIONAL DETAILS

A. Simulation method
Ab initio first-principles calculations based on the spindensity-functional theory are performed using the Vienna ab initio simulation package (VASP) code. 29, 30 The electronic wave functions are expanded in plane waves up to a cutoff kinetic energy of 300 eV. The electron-ion interaction is described by projector augmented wave (PAW) potentials 31, 32 that explicitly include the Fe 3d and 4s electrons in the valence states. Since the PAW approach realizes not only the high computational efficiency of the pseudopotential method but also the accuracy of all-electron methods (which do not suffer from problems associated with linearization of the core-valence exchange interaction), PAW potentials can accurately describe the magnetism at a transition metal surface. 33 The generalized gradient approximation (GGA) proposed by Perdew, Burke, and Ernzerhof 34 is employed to evaluate the exchange-correlation energy. The use of the GGA is essential to describe the structural and magnetic ground state of iron. 22, 25, 35 B. Simulation models and procedure Figure 1 shows the simulation model of a bcc iron nanowire with atomically sharp edges consisting of (110) Fig. 1 ). Here, a 0 is the theoretical lattice constant of bcc iron bulk, a 0 = 2.835Å. We refer to this model below as a 3 × 3 nanowire. Since three-dimensional periodic boundary conditions are applied, a vacuum region is introduced with a thickness of l v =15Å perpendicular to the wire axis to suppress undesirable interactions from neighboring nanowires. Thus, the simulation cell dimensions in the cross-sectional and axial directions are initially set to 3 √ 2a 0 + l v and a 0 , respectively. Brillouin-zone integrations are performed with a 2 × 2 × 14 Monkhorst-Pack k-point mesh. 36 Atoms at the edge, on the surface, and inside the nanowire are referred to as "edge atoms," "surface atoms," and "inner atoms," respectively [see Fig. 1(b In calculations of double-layer AFM nanowires, we use a simulation cell whose length is doubled in the axial z direction (i.e., the z cell dimension is 2a 0 ). We also investigate smaller nanowires with cross sections of 2 × 2 and 1 × 1 cells in the same manner to elucidate the finite-size effect.
To obtain the equilibrium structure, the atomic positions, and cell dimensions in the z direction are fully relaxed using the conjugate gradient method and the quasi-Newton method until all the Hellmann-Feynman forces and the normal component of the stress σ zz are less than 2.5 × 10 −3 eV/Å and 1.0 × 10 −2 GPa, respectively. To simulate the effect of tensile strain, a small incremental strain ε zz is applied stepwise in the axial z direction to the simulation cell. At each strain, the atomic structure is fully relaxed under fixed cell dimensions.
III. RESULTS AND DISCUSSION
A. Energetics and magnetism of iron nanowires with atomically sharp edges
The FM phase was found to be the most stable phase for the 3 × 3 nanowire: The total energy difference per atom between the stable FM and the AFM phases E AFM-FM is 0.122 eV/atom and that between the FM and the NM phases E NM-FM is 0.381 eV/atom. The FM phase is also more energetically favorable than the AFM and NM phases for the smaller 2 × 2 and 1 × 1 nanowires. Hence, we focus on FM iron nanowires in the following discussion.
Here, we briefly discuss the formation energy of the edge structure. The edge energy E edge in the 3 × 3 nanowire is defined as the excess energy due to the formation of the edge. It can be calculated using where E wire is the total energy of the 3 × 3 nanowire, E bulk is the total energy of the bcc iron bulk, E surf is the (110) surface energy, N is the number of atoms in the simulation cell, and S is the surface area. The calculated edge energy for the Fe(110)/(110) edge is 3.85 × 10 −10 J/m. Face-centered-cubic metals have slightly higher edge energies than bcc iron. Cu, Au, Co, and Rh (100)/(010) have edge energies of E edge = 5.0, 5.1, 8.1, and 9.5 × 10 −10 J/m, respectively.
38 Figure 2 shows the distribution of local magnetic moments and interatomic distances in the 3 × 3 iron nanowire. The local magnetic moment is calculated by projecting the wave functions onto spherical harmonics within a sphere around each atom with a radius equal to that of the Wigner-Seitz sphere. The atom at the edge (indicated by the dotted-dashed red circle in Fig. 2 ) exhibits the highest magnetic moment of 2.83μ B in the nanowire, which is about 30% larger than that of the bulk (2.19μ B ), indicating that the magnetic moment is enhanced at the edge. This enhancement in the smaller 2 × 2 and 1 × 1 nanowires is found to be 2.84μ B and 2.85μ B , respectively. In addition, the edge atom possesses the shortest interatomic distance of 2.402Å, while others range from 2.43 to 2.46Å. The local magnetic moment at the surface (indicated by the dashed blue circles in Fig. 2 The magnetic moment inside the nanowire (2.18μ B for the inner atom) is almost the same as that (2.19μ B ) of bulk iron. Thus, the effective range of the edge is estimated to be about 4Å. Figure 3 shows the majority-spin and minority-spin density distributions in the (110) plane of the 3 × 3 nanowire; it also shows those of the bulk for comparison. There is a distinct difference between the majority-spin and minorityspin density distributions: the majority spin is distributed almost spherically and isotropically in both the nanowire and the bulk, whereas the minority spin has an anisotropic distribution in which the electrons are concentrated near the nearest neighbors. At the edge of the nanowire, the minority Fig. 4 . The t 2g electrons are distributed toward the eight nearest neighbors (red spheres in Fig. 4 ) in the bcc lattice to form ddσ bonds, 43 whereas the e g electrons are directed toward the second-nearest neighbors (blue spheres in Fig. 4 ). Considering these characteristics of the t 2g and e g electron distributions, the t 2g state should predominantly contribute to the minority-spin density distribution along the nearest-neighbor direction. Figure 5 shows the spin-polarized local electronic density of states (DOS) of the total d and t 2g -e g decomposed states of the edge, surface, and inner atoms in the 3 × 3 nanowire. The local DOS is calculated by projecting the wave functions onto the spherical harmonics in the spheres around each atom. For the majority spin of all the atoms, both the t 2g and e g states are highly occupied. This indicates that both the t 2g and e g states are almost equally occupied, which results in the isotropic distribution of the majority-spin density in Fig. 3 . For the minority spin, on the other hand, the t 2g state is highly occupied, whereas the e g state is mainly distributed above the Fermi level. This corresponds to the directional minority-spin density distribution toward the nearest neighbors. For the minority spin, the DOS of the t 2g states of the inner atom distributed above and below E F exhibits a broader bandwidth (i.e., the range of energy levels that a state occupies). On the other hand, the t 2g DOS of the edge atom is localized around E F , resulting in a reduced bandwidth. It is well known that the bandwidth decreases as the coordination number decreases. Because the edge atom has fewer nearest neighbors than inner atoms (four as opposed to eight), the bandwidth of the corresponding t 2g states decreases. A similar reduction in bandwidth is also found for surface atoms, but it is less than that of the edge atom because surface atoms lose fewer nearest neighbors (six as opposed to eight). Figure 6 shows the number of majority-spin and minorityspin electrons for the t 2g and e g states at the edge, surface, and inner atoms. Comparison of the edge atom with an inner atom reveals a remarkable increase (reduction) in the number of electrons in the majority-spin (minority-spin) t 2g state. This indicates that the electrons of the edge atom change from minority-spin t 2g to majority-spin t 2g states. This enhances the magnetic moment at the edge atom because the magnetic moment is defined as the difference between the number of majority-spin and minority-spin electrons.
B. Influence of axial tensile strain
Figures 7(a)-7(c) show the total energy per atom in the FM, AFM, and NM phases of the 3 × 3, 2 × 2, and 1 × 1 nanowires, respectively, as a function of the axial tensile strain ε zz . For comparison, Fig. 7(d) shows the relationship in bulk iron under [001] tension (i.e., the same loading as that applied to the nanowires). For bulk iron, the magnetic ground state is FM under strain-free conditions, but it becomes AFM when ε zz = 0.22 because the [001] tension causes the crystal lattice to transform from bcc to fcc, which is known as the Bain transformation path. 19, 25, 44 On the other hand, the FM state in the nanowires is always more energetically favorable than the AFM state within the present range of applied strains. Thus, the nanowires do not exhibit the FM-AFM magnetic phase transition observed in the bulk. Figure 8 (a) shows the tetragonality of the lattice c/a around the edge, surface, and inner atoms in the FM 3 × 3 nanowire as a function of axial tensile strain ε zz , where a and c denote the lattice spacings in the lateral x and y directions and in the z direction, respectively [see the schematic illustration in Fig. 8(a) ]. The tetragonality is almost c/a = 1 when no strain is applied, indicating that the nanowire is initially has a bcc structure. As an axial strain is applied, the tetragonality increases. The edge atom exhibits a larger tetragonality than the surface and inner atoms. An abrupt increase in the tetragonality is observed in the range ε zz = 0.30-0.31 in which c/a is slightly larger than √ 2, except for the edge atom. Since the tetragonality c/a = √ 2 corresponds to the fcc configuration [see the lattice in Fig. 8(a) ], this abrupt increase is related to the structural transformation of the nanowire from the body-centered tetragonal (bct) to the fcc phase. Such an abrupt change in tetragonality has also been observed when bulk bcc iron transforms into the fcc structure along the Bain path. 19, 25 Figure 8(b) shows the magnitude of the magnetic moments of the edge, surface, and inner atoms in the FM 3 × 3 nanowire as a function of the axial tensile strain ε zz . The applied tensile strain tends to enhance the magnetic moments of both the inner and surface atoms, although surface atoms exhibit a more moderate increase with strain than that of inner atoms. The magnetic moments decrease dramatically between ε zz = 0.30 and 0.31, where the structural change from bct to fcc occurs. This suggests that the sharp reduction in the magnetic moment is due to the structural transition. Previous studies have reported a similar reduction in magnetic moment in bulk iron during the Bain bcc-fcc transformation. 19, 25 In contrast, the magnetic moment of the edge atom is almost unchanged by the applied strain. Even at the bct-fcc transition strain, the magnetic moment of the edge atom remains constant despite the abrupt change in the crystal structure. Figure 9 shows the change in the number of majority-spin and minority-spin electrons in the t 2g and e g states as a function of the axial tensile strain ε zz of the inner and edge atoms. For the inner atom, the number of minority-spin and majority-spin electrons changes discontinuously near the transition strain of ε zz = 0.30-0.31, which leads to an abrupt change in the magnetic moment of the inner atom. This clearly results from the structural change from bct to fcc because the electronic t 2g and e g states are characterized by the crystalline structure, 41, 42 as shown in Fig. 4 . On the other hand, for the edge atom, there is no discontinuous change in the magnetic moment despite the bct-fcc transition. In addition, the number of majority-spin electrons does not change when strain is applied. Thus, the electron rearrangement is limited to within the minorityspin state: the electrons are exchanged only between the minority-spin t 2g and e g states. Figure 10 plots the change in the local electronic density of states of the t 2g and e g states between axial strains of ε zz = 0.30 and 0.31 for the inner and edge atoms. Unoccupied t 2g and e g states exist for both the majority and minority spins in the inner atom during the structural transition, whereas the majority-spin state remains fully occupied in the edge atom because of its lower coordination number. Thus, the electron rearrangement of the edge atom is limited to within the minority-spin state, which accounts for the insensitivity of the magnetic moment to the applied strain.
IV. CONCLUSION
Ab initio first-principles spin density functional theory calculations within the GGA were performed to investigate the magnetism of nanowires with atomically sharp edges and having (110) and (110) surfaces and its response to the axial strain. At the edge of the strain-free FM nanowire, the magnetic moment is enhanced (2.83μ B ) relative to that (2.19μ B ) of the bulk. This magnetic enhancement originates from the rearrangement of the d electrons from the minority-spin t 2g to the majority-spin t 2g state at the edge due to the low coordination number for nearest neighbors. The FM phase is always more energetically favorable in the nanowire even under relatively high axial strain, although the corresponding bulk material exhibits a FM-to-AFM transition under the same loading conditions. In simulations of the effect of applying a strain, a discontinuous change in the magnetic moments was observed at the surface and inside the nanowire due to a bcc-fcc structural transition, whereas the magnetic moment at the edge is almost unchanged by the strain. This insensitivity at the edge to strain arises from the t 2g -e g electron exchange being restricted to only the minority-spin state due to the majority-spin state being fully occupied.
